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ABSTRAC T

I 
This report describes an experimental investigation of the
underwater acoustic reflection characterist ics of a thin
stiffened aluminum plate. Based on ray theory and echo struc-

t ture analysis, an attempt was made to show that the presence
of a reinforcing rib can be acoustically predicted in time.
Good agreement between theoretically predicted and experi-

- mentally measured echo components was achieved.

I

iii

— _ . W . - ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



. —
~ 

_ _ _

S 

TABLE OF C ONTENTS

P~~e

ABSTRACT iii
LIST OF FIGURES vii

LIST OF TABLES ix
14 INT~)DUCTION 1

II. TREORETICAL CALCULATIONS 3
A. Sound. Speed. Calculations 3
B. Target Geometry

III. EXPERII€NTAL TECI~IIQUE 15
IV. ~~(PERI~~I~TAL RESULTS 25

A. Travel Times 25
B. Logarithmic Decrement 35

V. SUMMARY AND CONCLUSIONS 11.5

APPENDIX A ~7
WAVELENGTH AND WAVELENGTH-TO-THICKNESS RATIO CALCULATIONS

APPENDIX B 51
SOUND SPEED CALCULATIONS IN PLATE

ACKNOWLEDGE~~NTS ST
REFERENCES -

BIBLIOGRAPHY 61

V

j PREC8~Dfl~ PAG€ B c..M~T ?I1M~D
___________________  T - - 1t~1T~1ij~t ~~~~

--
— ~~~~~~~~~~~~~~~ ~~~~~~~



-- - - - ~~~~~~~ - - -

LIST OF FIGURES

Title

1 Acoustic Backscattering Target Plates 6
2 Acoustic Target Plate Dimensions 7
3 Geometric Arrangement of Test Setup 8
11. Assumed Acoustic Travel Paths for Plain Plate 9
5 Assumed Acoustic Travel Paths for Ribbed. Plate 10
6 Block Diagram of Monostatic Test Setup 17
7 Trans ducer 19
8 Horizontal Directivity Pattern of Transducer 21
9 Vertical Directivity Pattern of Trans ducer 22

10 Receive Sensitivity of Transducer 23
11 Echo Structure from Horizontally Stiffened Plate 26
12 Echo Structure from Horizontally Stiffened Plate 27
13 Echo Structure from Vertically Stiffened. Plate 28

with Rib Located in Near Portion of Plate
Echo Structure from Vertically Stiffened. Plate 29
with Rib Located in Far Portion of the Plat e
Logarithmic Decrement of Plain Plate 38

16 Logarithmic Decrement of Horizontally Stiffened Plate 39
17 Logarithmic Decrement of Vertically Stiffened Plate

with the Rib Located in Near Portion of the Plat e
18 Logarithmic Decrement of Vertically Stiffened Plate 11.1

wi th the Rib Located in the Far Portion of the Plate

vii

PREC~DII’fl PAGE BLANK..NOT ?IL?€D 

—.--~~~~~ ---~~~~ -- -- _ i~~ ~_ _ T ~~ . 



~ 
-

~~

LIST OF TABLES

Table Title

I Wave Velocities 5
II Pulses from Figure 11 30
III Pulses from Figure 12 32
IV Pulses from Figure 13
V Pulses from Figure i4 36

ix

~ PRECEDI fl3jJJj BZ.ANK..NryJ’ FIU4ED
&;~

- ~~~~~~~~~~~~~ ~~~~~ 
—

~~
j-- 

~~
— -—- ~- 

—
~~~

—‘.‘ 
~~~~~~~



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ~~— - -  - - - - —~~ -— -~-~~~~~~ -- .— - -- ---- 
- - 

- ~~~~~~~~~ - - 
-

I. INTRODUCTION

Acoustic scattering phenomena and echo structure characteristics
have been of considerable interest to many researchers in the field of

underwater acoustics. A summary by Horton1 gives an extensive overvie~;

of the theoretical and practical work done in these topics in recent

years. Most of the work reported in the literature has been confined to

the simple geometric shapes of spheres, plates, and cylinders. Rayleigh
2

and later Morse3 were perhaps the earliest and most widely known researchers
to consider the rigid and elastic sphere and cylinder. In more recent

times, Faran ’s
1
~ paper on scattering effects of a plane wave by an elastic

cylinder is significant. Bowman et al.5 list detailed scattering and

directivity characteristics for many simple target shapes but fail to

discuss echo structure and target strength. Franz and Deppermann6 were
first to suggest the presence of surface guided stress waves and called

them Kriechwellen or creeping waves.7 Barnard and McKinney8 were the
first to report similar waves experimentally, and Diercks et al.9 and

Horton et 81.
10 

further investigated the phenomena of scattering from

thin walled elastic cylinders. Goldsberry~~ undertook a detailed study

to show that the presence of an interface or discontinuity in density,

in the form of a narrow slot or air gap cut longitudinally in the circum-

ferential path of an air filled cylinder, can be predicted in time through

echo structure analysis.

This study attempts to show in similar fashion that, with the help

of these internally guided waves, the presence and location in time of

a reinforcing rib placed in the acoustical shadow of a thin finite plate

can be predicted.

1
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Following well-known principles of ray theory, the assumption is
made that these guided waves are being reflected at discontinuities and

interfaces and. are being refracted in accordance with Snell’s law of

refraction. Calculated travel times for several assumed travel paths

and for two different locat ions of the reinforcing ribs are compared to
measured values in the longitudinal mode of propagation only. No shear

or flexural modes of vibration could be discerned with the target

dimensions and driving frequency used in the experiment .
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II. THEORETICAL CALCULATIONS

A. Sound Speed Calculations

To determine the sound speed in the target , one may consider
that generally several different types of stress waves propagate in
isotropic , elastic thin plates . No uniform terminology seems to be

used in the literature; in this report the seemingly dominant and most
easily excited wave types in these plates are called longitudinal and

flexural waves. The propagation velocity of the longitudinal wave is

generally much greater than the flexural wave , and usually, for a given
set of physical dimensions and driving frequency, 12 one of the two will
be dominant . The term thin refers to the ratio of thickness to the

wavelength. The targets in this experiment are considered thin because ,
for t he signal frequency used , the ratio of thickness to wavelength13

is d/?’. 0.03 . As the wavelength increases and approaches a value twice

the lateral dimensions , the longitudinal and flexural wave velocities
114,17 . .approach the same value . This change in propagation velocity is

not known to occur abruptly at some wavelength; rather it is gradual and

continuous as either the frequency or the physical dimensions of the
medium are varied. In general , the result is that one encounters in

practice a combination of modes of stress wave propagation . However ,
it may not always be possible to identify each mode individually .

In most cases , one may express the propagation velocities of these
waves by some combination of Poisson ’s ratio and Young’s modulus. It

is of interest here to note that the value for Young’s modulus~~ and

Poisson ’ s ratio is usually17 ’1 given only to one significant figure .

These are tabulated values determined for static conditions; for

3  
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dynamic conditions , more accurate value~; would have to be determined

exper imentally .

The relations for determining the propagation velocities in thin

plates for the two types of waves mentioned above are as follows .l9~
2O

~
2l

~
22

longitudinal velocity C
L \J~~ \j [:

~
i
~:;~

flexural velocity C F = \/ ~~ ~~~~~~~~ 
J~

where

= mass density of the plate,

K = radius of gyration, which is for plate thicknes s a, and

= circular fre quency.

The calculated values for these propagat ion velocities and travel

tines in type 6061-T6 a1u~uinum alloys are given in Table I.

B. Target Geometry

If one assimies an acoustic plane wave front for the targets shown

in Figs. 1 and 2 and considers the geometrical arrangement show n in

Fig. 3 , then one ~ay also assume acoustic travel paths wi thin  the plates ,

as shown in Figs . 4 and 5. The critical angle G shown in these figures

Is lefined by Snell’s law of refraction as

e = cin — ,
C C 2

where C 1 is the sound velocity in the water , and C2 is the sound velocity

(in the longitudinal mode of propagrttion) in the plate. At this critical

_ _ _ _ _ _ _  -
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TABLE I

WAVE VELOCITIES

Wave Type Propagation Velocity Travel Time
In/sec I.Lsec/m

Longitudinal CL 5.45 x lO~ 183.1

Flexural CF 
l.~ 7 x lO~ 728.4

Details for these calculations are given in Appendix A.

5
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I

ang le of incidence , the refracted ray form s - tr ans ~ o~~~- ) ° with t i .e

aermal to the interface at the edee closest to the source , ani maxir f um

acoustic exiei-g j is coupled int o the plate .~~’

The minimum farfield distance measured from the face of the

transducer is i~ = ~~~ 

2 
+ d,~

2/\, where - i  is ~he largest dimension of the--

transLlu -or aperture , d . is the p lat e thickness , an-I \ is t I .e wavelength.
4

For the transducer sho wn Il J ig .  7 the minimum t t r t i e l -~ distance is

salculated as

lO .~ _ 6
_ 

+ 0. -~ - -R =  ~~~~~~~~~- — = - - . O c m

Wavelength cal culations are given in Appendix .\ .

If the sound speed in freski water - near the surface is

i1484 rn/ sec at -:1°c , and if the  longitudinal soun d speed in the aluminum

plate is 
~~~~~~~~~ 

x io~ m/sec , one obtains a critic~1 anH e of t e i -~et

orientation of ~l5. 79 ° f rom the normal to tñe incident pl -ui e - av - ~, 
- ,

as show n in 11 5. 4 and 5.

At t i- i s  water temperature , -a one way path t ine Jetay of .~~~ msec

for the specular echo sin he expe -t e - t , assuming that the t- - ii- e~ p - d c is

entire ly insonified by the dB beamw i It - l i  at the ~e. - t l is t-an -c of ‘
. jg

between the face of the transducer and po i rd B ’ -at the ne ti e; t ‘un Or  o1

the plate . One may newt. consider the two trave l p aths ~it. } in the pi -do

plate , shown in ~~~~~~~~~ . These paths are ~-rme l by the incident  sound

rn :- entering the pla te  at point P -in - i tr ave 1i r i~ to pnint  d , ‘ Ie i e  part

of t he energy is i t - L i  - - i t o - i  into the sates a :I p-art of ft is re 0 - f - w I

back to point P ’ then the c-p er . - - -  -
- i t -  . } 4  - a s  1 -‘~~~ - e- - ’ i - s

following - -a 1 sn -t t i orw :  t I - it , - it the . - ~-it : is i i  —oi- ’d c - i n ~o- - - •
total travel ~ mes -r c e  -P ~ n-c i- ~~~ on 1

1~1

~
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Path 1: from poi nt B’ to (1

distance = :o . 48 cm

C
L

= 5 .45x 1 0 rn/sec

—~ t ravei time t
1
=~~ .8 ssec

Path 2: from point C to point B
sin 6 = ± ; where -Lstnnce a CB

distance c = B C

0 . :‘7-~ =

a = 8. :~q err-

C lt- t~4 rn secwater -
— travel time t - - = 5P. 8 ~isec .

Using these identical travel times for both cases , one may expect
a pulse after twice this delay, or 111.60 -Isec after the specular returns
for either a two way path in aluminum or a one way path in aluminum and

w ater . The returns from both paths , however , will- arrive at the receiver

at the same time and will constructively interfere with each other .

Usuall y, several successive pulses , regularly spaced at 111 .60 ~.Ls ec

intervals and decaying l ogarithmically in amplitude, can be expected to

occur under f avorable signal-to-noise ratio conditions in the echo st I - u w --

ture of the plain plate.

cor the s t i f fened plate , the theoretical echo s tr actu r e predictions

are c m i  : Lr~ eweent, tb - it three separate trave l paths within the plate
are to tie r -oris ider ed , as show n in Fig. 5. At the cure cr i t ical  angl e

6~~~15 .( 5 I °, one path t i - ave r - sos  the entire length of the plate f r ~~n point B’

fe c u d  C , w h e r - i L p—i - f -  of the erie -g is coupled into the ioitci ci I

part of it~ is reflected i t - P  to point P ’ , as in  the pl-n :i .n plate. A

. ;e-  und path er i g i  n -t t ec  a I so at. point B ’ but teniiinatec at the i - i  1 , sli e r-

-tgain part of the energy is -f r- - ins~ri i t ted into the water a o l  part of it L

i-e lI! e -t e l back to pci r t  I~’ , as for the I lis t path . h owever, p-ut. 1 th~
t r -n n ~~i i t te- i  - i c  r - -y  also pr - - -ee r. -ithi r t h u  p1 ii . e t o ne~ nt - 

, sLur- c on ce

~~~~~~
.- - - —— _ 4 -_ . ______ ._ ___ ______ I_

_ 
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again some of it is coupled into the water, and the rest is reflected
to the rib, as for the other travel paths. This process can be expected

to repeat itself several times in all three cases. The calculated travel

times for each path are as follows.

Path la from point B’ to C

distance = 30.48 cm

travel time = 75.8 ~isec
lb from point C to B

distance = 8.29 cm

travel time = 5~.8 Rsec

Path 2 from point B’ to the rib

distance = 20.32 cm
travel time = 37,20 ~isec

Path 3 from the rib to point C

distance = 10.16 cm

travel time = 18.60 ~.rsec

From these travel time calculations, the echo structure of a
stiffened plate can be expected , if the driving frequency is chosen

properly, to contain three sets of pulses. All three sets constructively

interfere with each other at alternate intervals, and are regularly

spaced with 111.60 I.isec time delays between them.

Wavelength and sound speed calculations are given in the appendix.

The spacing of the individual pulses Is given in Tables IV and V , where

the arrival times of the pulses from the stiffening rib are given

explicitly.

1
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III. EXPERflvIENTAL TECHNIQUE

The experimental tests and measurements were conducted at the

Lake Travis Test Station (LTTS) facility of Applied Research Laboratories

(ABL), The University of Texas at Austin. Figure 1 shows the acoustic

backscattering targets used in this study. Two plates 30.48 cm square

and 3.2 ~mn thick were machined from 6061-T6 aluminum alloy. The dimensions

arid the material of the plates were chosen on the basis of past experience

in similar studies. The shape and size of the plates were selected to

allow the plate to be both thin and stiff. The aluminum alloy chosen is

well known for its ability to support internally guided stress waves .

One of the plates was fitted -with a stiffening rib; Fig. 2 outlines the

physical dimensions and press-fit assembly of the ribbed plate . The

stiffener was oriented parallel to one of the edges and was placed asym-

metrically on the plate as shown. Structural integrity and simplicity

dictated the choice of the material, dimensions, and placement of the

stiffening rib; the decisions were also based on the author’s experience

in related studies at APL.

by rotating the plate 180 0 in the vertical plane, the rib could be
positioned either on the nearside of the centerline with respect to the
transducer or on the farside. The resulting changes in travel times

produced discernible changes in echo structure. However, when the same

I plate was placed in the sound field with the rib oriented horizontally,

no changes in echo structure could be discerned that would indicate

whether the rib was located in the upper or lower portion of the plate .

Figure 3 shows the geometrical arrangement of the test setup . The
targets were suspended in the -water by two monofilament nylon lines of

0.8 mm in diameter. They were fastened above the surface of the water to

15
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the 61 cm crossbeam of the remote controlled rotating mechanism .

Uniform rotational speeds of about 1.5°/sec are required for accurate

adjustment of the angle of Incidence . The mean depth of the plates was

chosen at 5 in below the surface and about 25 in above the lake bottom.

Because of other obstacles and the irregular sloping underwater terrain,

this arrangement was considered optimum, and it was possible to avoid
interference effects through proper pulse gating techniques . The water

path distance between the face of the transducer and the nearest edge of

the plate was 3.76 in, resulting in a t~o way travel time of 5.07 msec
at a water temperature of 21°C. To avoid Interfering spectral returns,
the stiffening rib was positioned in the acoustic shadow of the plate,

that is, on the side facing away from the source.

The line AA ’ in Figs. 4 and 5 represent s an assumed plane wave front
approaching the y-z oriented target plates in the positive x direction.

The line BB’ depicts the time when this incident wave couples into the

nearest edge of the plate. If the coupling angle e is adjusted care-
fully to its critical value--in this experiment, this value -was about

l5.8°--the travel times of the sound in the plate from point B’ to

point C and in the water from point C to point B will be identical, and

constructive interference -will result in the presentation of a distinct

pulse train on the receiving oscilloscope screen.

Figure 6 shows a block diagram of the electronic test equipment
used in the experiment . The components are of the laboratory type and - 

-

were chosen to adequately process the short ~0 ~isec pulse length and the

repetition rate of 30 pulses sec of the signal frequency . The Hewlett-

Packard 65lA test oscillator provided a stable , low dIstortion 6~l kHz

sine wave signal for the transmit gate of th~ variable tone burst

generator. The Scientific Atlanta pulse timing generator was the clock

of the system and provided the proper timing tor the receive and tritns~rdt

cycle of the switching relay. A General Radio model i206B unit amplifier

with unit power supply model 1203B served as the driver for the 0 W

16
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Krohn—Hi te power amplifier. The solid state receiving amplifiers were
built by ARL and were chosen lor their excellent low noise characteristic~~.
The bandpass fi l ters were variable Krohn_ Tlite model ii lOOR fi l ters  and were
adjusted for  a passband f rom 10 to 153 kl-iz . The Tektronix oscilloscope
model 76C - with an attached Polaroid Land camera serve d as receive r
display . An automatic temperature probe and sound velocity recorder ,
not show n in Fig . 6, recorded a water temperature of 21°” ±0 .5° C on
the clay of the testing .

The monostatic measurement technique was chosen to provide a better

signal-to-noise ratio in the receive d signal . A high speed switching

relay male it possible to use the same transducer alternately as source

and receiver.

Figur e 7 shows the transducer used for this experiment . The

effective aperture was a 7.9 14 x 10.16 cm rectangular array of 15 barium

titanate elements. Each element measures 1.90 x 2 .514 x 0.6 14 cm thick

and is mass loaded by a l.Q0 x 2 .5 14 x 1.50 cm thick steel block cenente~

to its back surface . The mechanical resonance of this assembly occurs

at 73 kHz, as measured by driving the transducer with a step voltage

waveform .

The transducer was matched to the power amplifier by means of a

resistor-inductor network bypassed during the receive cycle . The values

for the resistance and inductance ~-;er -e obtained by tuning the system for

maximum bandwidth in the transmit c~ - -le . The signal peak fre luency

occurred at 60 kiP- . The half-power point s wer e ~~ and 81 kHz . The source

level obtained was +175 rIB re 1 !iPa st 1 m . The maximum dynamic range

w i t h out echo distortion was 28 rIB . In nruct ice , a range c-f 25 rIB was

us~’ci . The receiving sensit ivi ty of the transducer was measured to he

-2 1’) dB re 1 V/~tPa.

18
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Figure 8 shows the horizontal direct ivi ty pattern of t i e  transducer
w i t h  a corresponding -3 dB beamwi- it~ of ~~~~~ Figure 9 shows the
vertical directivity pattern ith a corresponding -3 dB beamwidth of
io .o4 ° . The directivity index26 for a rectangular aperture and for
these heamwi-it~.s is 214 dB.

Figure 10 shows the receive sensitivity of the transducer as a
function of frequency over the range from 30 to 100 kHz.

20
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II.

IV. EXPERIMENTAL RESULTS

The experimental results of this study are shown in Figs. 11

through i4. The echo structure from the plain plate is shown in Fig. 11.

Figure 12 shows the return from the horizontally ribbed plate, and.
Figs. 13 and i4 show the return from the stiffened plate where the rib

was placed vertically. Based on these recordings, the travel times of
the sound in the plates were measured and compared to the theoretically
predicted values presented in section II. The logarithmic decrements

associated with the reflections in each travel path shown in Figs. 4
and 5 were determined and tabulated.

After close examination of these recordings and of the calculated
propagation speeds of the stress waves mentioned in section II, it was
concluded that only longitudinal waves can be discerned. No evidence of

other propagation modes was detected under the conditions of this experi-

ment.

A. Travel Times

Close inspection of Fig. 10 reveals that there are two similar sets

of pulse trains present. Both sets exhibit the same 112 Msec pulse

spacing and decay at approximately the same rate. This pulse train

doubling, although it results from a slight misalignment of about 0.10

in the target geometry, is important here, because it illustrates that
a pulse is coupled into the water from both ends of the plate. The

- 
- 

measured average spacing of 112 ~sec is in good agreement with the

calculated values for longitudinal waves. Table II compares measured

and calculated travel times for the plain plate.

25
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TABLE Ir

PULSES FROM FIGURE 11

Pulse Number Measured Time Calculated Time MT-CT
~isec i-~sec ~isec

1 112 . 14 111.6 +0 .8
li 112.14 111.6 +0.8
2 ‘ 223.3 223 .2 +0 .1

225.5 223.2 +2 .3

3 336.14 3314.8 +1.6

3a 336.14 3314.8 +1.6

1447.14 14146.14 +1.0

1443.7 ~146. 14 -2 .7

5 562.0 ~~~~ +14.0

5a 565.7 ~58.0 +7 .7
6 672 .9 669.6
6a 672 .9 669.6 +6 .3
7 785.8 781.2 +2 .6
8 894 .7 892.8 +1.9

~ 

~~
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The standard deviation of the whole set of differences is 2.24 ~see.

The pulse intervals were calculated from the travel times given
above . For pulses 1 through 8, the mean pulse interval was 111.8 Msec
and the standard deviation was 1.3 Ilsec; for pulses la through 6a,

the mean pulse interval was 112.1 ~sec and the stand ard deviation was

4.9 ~isec. The much larger standard deviation in the second set was

largely caused by the value for pulse 5a, which also gave the largest

departure from the calculated value in the measured time minus calculated

time (~1T -cT ) column in the tables.

Figure 12 shows the echo structure from the stiffened plate with

the reinforcing rib oriented horizontally. The rib was placed in the

acoustic shadow of the plate to avoid geometrical returns. Close inspec-

tion of the echo structure reveals that two sets of 111.6 ~sec pulse
trains are present, similar to the return from the plain plate. BecauEe

the angle of incidence was kept the same for both sets of measurements

and because the rib does not represent a discontinuity to the longitudinal

waves in this direction, this similarity is to be expected. The measured

average spacing of 111.6 I.tsec is in good agreement with the calculated

values for longitudinal waves. Table III compares measured and calculated

travel times for the horizontally stiffened plate.

The standard deviation of the whole set of differences is 14.144 ~isec.

The pulse intervals were calculated from the travel times given - -

above in the Measured Time column. For pulses I through 14, the mean

pulse interval was 110.9 ~sec and the standard deviation was 2.65 ~sec.
For the set of pulses 2a through 5a, the mean pulse interval vts

111.8 ~sec and the standard deviation was 6.6 Msec. Whereas the unilcrmity

is not so good as in the earlier set of pulses (Table III), the -i istrrt-u-

tion does not suggest any bias nor the presence of nonrandom errors.

Figures 13 and i14 show the echo structure from the stiffened plate

with the rib oriented vertically. The angle of incidence and all e~e ’trc~ lc

5 1
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TABLE Til

PULSES FROM FIGURE 12

Pulse Number Measured Time Calculated. Time MT-CT

~sec ~isec ~sec

1 110.9 111. 6 -0.7
2 218.1 223 .2 -5.1
2a 218.8 223 .2 -14 .4

3 329.0 ~~~~~ -~ .8

3a 337.0 33 14.8 +2.2

14 1443.7 ~1~46.14 -2.7

1455.0 ~~~~ +8.6

5a ~58.0 558.0 0
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PULSES 101012 F 101 112 13

Pulse ,uinh en- t . t .~~;l t . , I Time C i l  i i i  d c  I ‘line MT— i f’
37. 2 psec t c n e r  111 - p re~- lice’-- itnec psec

1 ~~(- .L~
i -7. 2 -0.3

2 1 -- f 1 u 14 --

1 110. ) l ]i .i- -0 .7

14 2 1. -i . 6  1 - :- - . 8 +2 .8

5 -- lI ~~.0 --

3 2 2i~ .1 225. 2 .1

7 -- 260.14 --
8 4 : . ‘TQ .5 Y)7. 6 +1.9

9 3 ~~~ O ; i  3514 8

10 5 L-6 .0  572 .0 -6. 0

11 l ; : O l i 1+09 .2 +1.2

12 6 14 - - - 

_
~~,1 _ 14 - -

13 20 11 . 3 1485.2

14 7 - -  520.-S - -

15 5 -- t ’tB o --
16 8 - -ph . - to: .2 +6.7

17 - -  -~~ .4 - -

iS — 2 6(7 - 1 1 1  . 6  - . 0
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Table V . The omission of measured tr avel time s Indicates that no reliable
measurement could be obtained.

The standard deviation of the whole set of differences is 14.21 ~sec.

Not all pulses in these recordings have been identified; however,
since the angle of incidence reniaine~ unchanged, it appears that some of

the unidentifiable returns are caused by the pulse doubling mentioned

earlier. No attempt was made to hypothesize values for the unobtainable

readings . The analysis is based entirely on the values measured. The

good agreement and lack of bias show that the theory correctly predicts

the experimental results. The interval [M-o, M+a] is about 8 ~isec wide
for all four distributions . This spread corresponds to about half of

the period of the carrier frequency. It is felt that such a close agree-

ment between theory and practice fully substantiates the theory developed

in section II.

B. Logarithmic Decrement

Decay rates for the pulse trains shown in Figs. 11 through 114 were

calculated in the forts of logarithmic decrements to compare the reflec-

tion characteristics of the plate edges to the reflection character-

istics of the stiffening rib. The °7.2 psec and ~1+ .4 psec periods that

correspond to the 10.16 cnn and 20.32 cm paths, respectively, between the
rib and the plate could not be reliably identified separately; conse-

quently, the logarithmic decrement shown represents the sum of the two
periods . The pulse amplitudes used in these calculations are peak to

peak values measured in centimeters directly on the enlarged photographs
in Figs . 11 through 14. Since the logarithmic decrement is a dimension-
less ratio, correcting these readings by the appropriate scale factors

was unnecessary. The abscissa shows the number of times that the pulse

has been reflected at the edges of the plate or at the rib . The values

for the slopes were determined by the method of least squares for varia-

tion in a single variable.
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TABLE V

PULSES FROM FIGURE 14

Pulse Number Measured Time Calculated Time MT-CT
37.2 ~tsec 74.4 ~&aec 111.6 ~sec ~Lsec .Lsec ~sec

1 -- -- --
2 1 75. 14 714.4 +1.0

3 1 110.9 111.6 -0.7

4 2 -- 148.8 --
5 181 . 2 186.0 -14.8
6 3 2 218.1 223.2 -5.1

7 255.1 260.4 -5.3

8 14 29~.8 297.6 -i .8

9 3 336.4 334.8 +1.6
10 5 -- 372.0 --
11 1406.6 1409.2 -2.6

12 6 4 -- ~46. 4 --
13 448.o 483.6 +5.0
14 7 -- 520.8 --
15 5 550.0 558.0 -8.0

8 602.6 595.2 + 6 . 6

-- 632 . 14 --
18 9 6 ~~~~ 669.6 -4 .1

- I
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The logarithm:i c decrements b for the plain art-I s t i f fened plates
are shown graphically in Pips . 15 t~~~ - -or -h lo cond are calculated
numerically as follows.

1. Plain plate
— . X4 

= peak-to-peak amplitude of 4th pulse = 11.08 cm

X
5 

= peak-to-peak amplitude of 5th pulse = 1.5 14 cm

-- 
- --

ô = in(—~~ 
-

- - - 

/2.08
= 1n~~-~~

= o.44

2. Ribbed plate with rib mounted horizontally

= peak-to-pe ak amplitude of 1st pulse = 6.50 cnn

x
3 = peak-to-peak amplitude of 3rd pulse = 2 .65 cm

2ô=ln J

ô = 1/2 [1n(~~~~)]

=0.145 
-

3. Ribbed plate with rib mounted- vertically in near portion of the plate

a. logarithmic decrement for pulses reflected from the edges

x
1 = peak-to-peak amplitude of 1st pulse = 9.55 cm

= peak-to-peak amplitude of 2nd pulse = s .6o cm

/x
= m l —

\X2

- 19.35
-

= 0.93

-- .- -~~~~~~~~~ - rn ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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b. logarithmic decrement BR for pulses reflected fr c~n the rib

x6 = peak-to-peak amplitude of 6th pulse = 3.30 cm

x12 
= peak-to-peak amplitude of 12th pulse = 1.32 cm

=

r 15.30B
R 

= l/6
L
lnk~~~~

= 0.15

14. Ribbed plat e with rib mounted vertically in far portion of the plate

a. logarithmic decrement BE for pulses reflected from the edges

= peak-to—peak amplitude of 1st pulse = 9.25 cm
x

2 
= peak-to-peak amplitude of 2nd pulse = 3.75 cm

B - /9 . 23
E - 1n~5~75

= 0.90

b . logarithmic decrement for pulses reflected from the rib

= peak-to-peak amplitude of 3rd pulse = 1.83 cm

x
6 

= peak-to-peak amplitude of 6th pulse = 1.10 cm

= ln(.._~
)

= 1, -

= 0.17

The decay rates for the plain and the horizontally st iffened plates
are shown to be about the same as one might expect, because the thickness
of the rib is very small compared to the wavelength. The decay rates
for the vertically ribbed plates are also essentially identical for both

the reflections from the rib and the reflections from the edges of the

plate. Of special importance, however, is the fact that, for both rib
locations on the vertically stiffened plate, the amplitudes of the rib

reflections seem to diminish about six times more slowly than the axnpli-

tudes of the reflections from the plate edges. An explanation of this

1- f
t
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result may perhaps be found. in the difference between the acoustic
impedances encountered at the rib and at the edge .

It is also of interest to note that the decay rate of the horizonta1~1y
stiffened plate, which is similar to the plain plat e, increases signifi-
cantly when the plate t~ rotated 900 to the configuration of the vertically
stiffened plate . Whether the rib was in the near or far position with
respect to the source, the logarithmic decrements of the 30.48 cm periods
were doubled, indicating that the pulse am~~.itudes will decay about twice 

- 

-

as fast in the ribbed configuration as they do in the plain or uniform

plate.
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V. SUMMARY AND CONCLUSIONS

This report has presented evidence of the presence of internally
guided longitudinal stress waves in a finite thin aluminum plate with a
discontinuity in the form of an attached stiffening rib . With the
ass~.miption that the internally guided stress waves are reflected at the
discontinuity, it was possible to calculate theoretical travel times
and pulse reflection periods. Calculated travel times and critical
angle of incidence were confirmed by good agreement with experimentaliy

obtained values, which revealed the presence and fixed the location of

the reinforcing rib.

This report has also presented evidence that pulse decay rates in
the form of logarithmic decrements of internally guided longitudinal

stress waves are a significant clue to the presence and location of
reinforcing ribs in thin plates. The logarithmic decrement for a

stiffened plate is much higher than for a plain plate. The decay rates

of pulse periods corresponding to the reflections from the stiffening
rib are shown to be much lower than the pulse periods associated with
the reflections from the edge of the plate.
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APPENDIX A

WAVELENGTH AND WAVELENGTH-TO- THIC KNESS RATIO CALCULATIONS
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c = longitudinal. sound -velocity

1’ = carrier frequency

-~ wavelength

plat e:

= 
c 1.79 x lO~ = 0. 298 ft  = 5.58 in.

6.000 x 10
= 9.1 ~rn

water:

= = ~~~~~~~ x l0~ = 0. 0~ -Z L 2 ft = 0.~~( in.
6.000 x 10

= 2.5 cm

plat e:

d = ~~~.2 m m

149
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APPENDIX B

SOUND SPEED CALCULATIONS IN PLATE
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For 6061-T6 aluminum alloy, one obtains

weight density, p~ = i68.~ lb/ft 3 
= 0.0975 lb/In. 3 ;

Young ’s modulus of elasticity, E = 1.0 x 1OT lb/in.2; and

Poisson ’s ratio V = 0.3.

Since E and V are only Icnown to one significant figure, the implied range

of values is

0.25 < v < 0.35

~~~ 
x io~ lb/ins < E < io.~ x ~~ lb/In.

2

The sound velocity in the aluminum plate was determined experimentally

to be 1.79X10
14 
ft/sec.

For the relation CL = \/~ \f 1
or 

0L 
‘ 

(1)

we have for V = 0.3, = 1.05

and CL = 1.79 X lO~ X ~~ in./sec = 2.148 X l& ln./sec = 3.143 x 10~ rn/sec

% lb/in.3 ~w lb/sec
2

Now in = g ft/sec2 or 
~~~

whence = 
0.~~ lb/sec

2 

2
2.52 X l0~~ 

lb/sec

in. —
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Thus (1) becomeS

2.111-B x = 

-

V 2.52 x 10~

2.148 x l& V~~~~~~~X~~ Q_
whence = —

~~~ 1.05

2.l148 x 105 x 1.587 )<
~~P—-

1.05

~lX10~ = 3.25Xl03
1.05

and E = i.o6 x 1O7 lb/in.2

30 , 2
= 7.31 x 1() -

[~i~~~~~io~C =~~I—= SI—Bar 
~~~~ V2.52x10

= 2.05 x 10~ in ./ seC

= 1.71 x 1O~ ft/ sec

= 5.21 x l0~ rn/ sec

CL =~~~~~~ ~~~~~~~~2

= l.71X10 x l.07

= 1.79 x 1O~ ft/s
ec

= 5.145 x l0~ m Sec

C~~=Q \/~~ V~~~~~2) 
\T~

= 
- 

-

514
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Now a= Iin. = 5~~~~~~ft=1 .0142 x 10 2 ft

— 
a 

— 
1.042 x 1o 2 

— 01 l0~~K~~~~

j

~~~~~
_ 

3 14~~11- ~~3. x

2 
= 9.06 x io

_6

and w = 2irf = 2 x 3.142 x 6.000 x l0~
1-

= 3.770 X 10~ rad/sec

6.14 x io2 (rad/sec)l~’2

Thus CF = 

~ 
-~/~~~ ~.\V/

r_ 

~~~~~~~~~~

=

= 11.79 x 1o~
1- j~~O l x l O ~~ (6.14 x 102)

= J5~~~~~~~l0 (6.14 x 10
2
)

= ~~~~~~~ (6.i4 102 )

= 7 .514 x 6.i4 x io2

= 4.~ i x 1O~ ft/sec
z

= 1.57 x 1~-~ rn/sec .
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